The microstructures of ¡-Mg, long-period stacking ordered (LPSO) phases, and kink bands in a MgYZn alloy were observed by transmission electron microscopy (TEM). The results showed that extruded Mg 97 Zn 1 Y 2 alloy included different kinds of phases: 2H-Mg, 2H-Mg with many stacking faults, 14H and 18R. Kink bands tended to occur in areas where there were many intermetallic compounds. The element distribution of Zn/Y/Mg in the LPSO phase including kink boundaries was also analyzed by scanning TEM energy dispersive X-ray spectroscopy. The results showed that the concentrations of atomic Zn/Y decreased, while the concentration of atomic Mg increased at kink boundaries. This can be understood in terms of the dislocation structure of kink boundaries where extended a-dislocations lying on sequential stacking faults in the LPSO phase cause the annihilation of Zn/Y-rich stacking faults between two partial dislocations.
Introduction
Mg alloys have recently seen widespread applications, such as in automobiles, mobile phone bodies, sports equipment, electronic equipment and aerospace applications due to their excellent mechanical properties, low density, high specific strength, good damping and ease of recycling. It has been shown that Mg alloys that contain very small amounts of Zn and Y, i.e., a Mg1 at% Zn2 at% Y (Mg 97 Zn 1 Y 2 ) alloy, have excellent mechanical properties, including a maximum tensile yield strength of ³600 MPa and elongation of ³5% at room temperature, when they are produced by rapid solidification. 1, 2) Due to the intensive strengthening effects of rare earth (RE) elements in Mg alloys, RE elements have been added to Mg alloys for many years. 3, 4) Ten years ago, a study showed that a novel precipitate with a longperiod stacking ordered (LPSO) structure could be an important factor that affected the mechanical properties of Mg alloys. 5) In MgZnRE alloys, LPSO phases are longperiod stacking derivatives of the hcp-Mg structure, and the Zn/RE atoms are enriched at the stacking fault layers to form local fcc-stacking. 5) Later studies showed that, in these LPSO phases, deformation twins were suppressed, and instead, kink bands were observed within the LPSO structure in MgZnRE alloys. 6, 7) Those kink bands were developed when compressive stress was loaded parallel to the (0001) plane, i.e., the Schmid factor for basal slip was negligible. 7) However, the mechanism of kink formation within LPSO phases in Mg alloys is still unclear.
Since kink bands increase the strength of Mg alloys, we may be able to improve the strength of Mg alloys by studying the mechanism of kink formation and the structure of kink boundaries. Moreover, kink formation is an important deformation mechanism of LPSO phases when basal slip is inhibited. However, no previous study has clarified the fundamental mechanism why mechanical properties are improved by the formation of kink bands.
Therefore, it is important to observe the microstructures of kink boundaries in LPSO phases. In this approach, the preferred positions at which kinks occur were investigated by high-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) imaging. In addition, the element distribution around kink boundaries was determined by STEM combined with energy dispersive Xray spectroscopy (EDX). We discuss how the inner structures of kink bands in LPSO phases can be dramatically influenced by the extended dislocations introduced by kink deformation.
Experimental
In this approach, an alloy with a composition of Mg 97 Zn 1 Y 2 (at%) was prepared by high-frequency induction, melting and cast in a preheated mold coated with graphite. The as-cast ingots were all extruded under the same conditions: at 723 K under a ram speed of 2.5 mm/s in air, with an extrusion ratio of 10 : 1. The microstructures of Mg alloy were observed using an FEI Tecnai-F20 TEM equipped with a charge-coupled device camera and a HAADF detector, at an accelerating voltage of 200 kV. STEM-EDX was used to analyze the element distributions in LPSO phases and kink bands. The focused electron probe size for HAADF-STEM was approximately 0.3 nm to obtain relatively exact Z (atomic number)-contrast images.
Specimens of the MgZnY alloy for TEM were prepared by a focused ion beam (FIB) micro-sampling technique. All of the FIB processes were performed at an accelerating voltage of 30 kV using a Hitachi FB-2000K. No other processes, such as gluing or mechanical grinding, were carried out to avoid mechanical damage. Fig. 2 . Figure 4 (a) shows a HAADF-STEM image of kink boundaries (plotted by a dotted line) and surrounding intermetallic compounds (indicated by white arrows). Figure 4 (b) shows a schematic illustration of the kink boundaries and intermetallic compounds observed in Fig. 4(a) . It has been reported that there are many kinds of intermetallic components in the MgZnY alloy.
Results and Discussion

810)
The angle of bending of the basal plane due to the kink boundaries is approximately 15°. Since many intermetallic compounds are observed around kink boundaries, these intermetallic compounds can be regarded as an important factor in kink formation. It was reported that the fine dispersion of intermetallic second-phases with the addition of yttrium improves the mechanical strength of the MgZnY alloy at both room and high temperatures. 11, 12) To date, second phases observed around kink boundaries have been determined to be three kinds of intermetallic compounds: MgZnY, MgZn and MgY with hexagonal structures, and they are considered to have higher hardness than the LPSO matrix.
In general, deformation bands such as kink bands are originated by inhomogeneous operation of active slip systems. In the present LPSO phase, a kink boundary is a kind of the basal edge dislocation wall perpendicular to the basal slip direction, and there occurs a plastic bending of the basal plane, as in the model proposed by Hess. 13) Such accumulation of edge dislocations is caused by inhomogeneous operation of basal slip, which is enhanced by the presence of hard second phases, because the slip deformation is hindered by hard second phases. Thus the intermetallic compounds observed around kink boundaries can be regarded as the origin of inhomogeneous operation of basal slip in the LPSO phase, so that they are considered to be an important factor for the formation of kink bands. Figure 5 (a) shows a HAADF-STEM image of the area that includes kink boundaries in LPSO phases; different contrasts are seen around the kink boundaries. Kink boundaries are indicated by red dotted arrows. STEM-EDX analyses were carried out at 16 positions (labeled 1 to 16 in Fig. 5(a) ) to determine the element distribution around the kink boundaries. The results of EDX analyses are summarized in Fig. 5(b) , and the atomic concentrations of Mg, Zn and Y were determined at each position from 1 to 16. Note here that the Mg atomic concentrations at positions 4 and 11 become higher than those at other positions, while the atomic concentrations of Zn and Y tend to be low. This indicates that kink boundaries in the LPSO phase are accompanied by a shortage of elemental Zn and Y, which results in an increase in Mg. As was mentioned above, the (0001)h11 20i basal slip is the dominant operative deformation mode in LPSO phases, and kink bands are usually introduced by the compressive deformation of specimens where the basal plane is parallel to the compressive axis. 7) Bending of the close-packed plane at kink boundaries is caused by a kind of polygonization in which edge dislocations with a Burgers vector of a/3h11 20i (a-dislocations) are arranged to be a wall perpendicular to the close-packed plane.
According to the study using an atom-scaled HAADF-STEM by Hiraga et al., 14) a-dislocations in kink boundaries lie on the Zn/Y-rich close-packed planes around stacking faults periodically arranged in the LPSO phase. In addition, they observed that the a-dislocations lying on the stacking faults dissociated into two partial dislocations (i.e., extended a-dislocations), and bright images due to Zn/Y atom segregation at the stacking fault disappeared between the two partial dislocations. The same kind of work using HAADF-STEM was reported by Abe.
15)
When a-dislocations at the stacking fault dissociate into pairs of partial dislocations with Burgers vectors b 1 and b 2 , the stacking sequence of the area between the two partial dislocations changes from CACACBABAB to ABABABABAB, as shown in Fig. 5(c) , which corresponds to annihilation of the stacking fault only between the two partial dislocations lying on the planes around stacking faults periodically arranged in the LPSO phase. As a result, the Y/Zn segregation around the stacking fault should also disappear only between the two partials, because the Y/Zn segregation always synchronizes with stacking faults in the LPSO phase. Since a kink boundary consist of such extended adislocations (a pair of partial dislocations), the Y/Zn segregation around the stacking fault should disappear along the kink boundary. In fact, Hiraga et al. observed a dark band due to the lack of the Zn/Y segregation along the kink boundary in their HAADF image. 14) These HAADF-STEM observations are considered to be in good agreement with the results of STEM-EDX in the present study, although the dark band along the kink boundary cannot be detected in the present HAADF image of Fig. 5(a) . This may be due to the low magnification of the HAADF image or the lower density of a-dislocations at the kink boundary in the present study.
These aspects of the solute atoms around kink boundaries should inhibit the migration of kink boundaries and contribute to stabilizing kink structures, since Zn/Y solute migration is needed when extended a-dislocations glide on Y/Zn-rich close-packed planes. Suzuki et al. 16, 17) reported that Zn had a strengthening effect in heat-resistant MgYZn solid solution alloys, and the creep strength of MgYZn alloys is significantly improved by the addition of Zn. Furthermore, Boehlert et al. 18) clarified that Zn is a potent strengthener for Mg, and 4.1 mass% resulted in the greatest improvement in tensile and creep properties. The peculiar behavior of solute atoms segregating to the stacking fault should increase the stability of the kink boundaries, which can contribute to the strengthening of the present Mg alloy with the LPSO phase.
In summary, the lamellae structures are not pure LPSO phase, but rather are composed of alternating 18R and 14H LPSO phases, and 2H-Mg. Intermetallic compounds can be considered an important factor in kink formation. Sequential stacking faults in LPSO phases disappears at kink boundaries, so that Zn/Y concentrations decrease at kink boundaries, which must inhibit the migration of kink boundaries and contribute to the strength of the MgZnY alloy. 
